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Agency, ERATO, Lipid Active Structure Project, Toyonaka, Osaka, JapanABSTRACT Lipid rafts are microdomains rich in sphingomyelin (SM) and cholesterol (Chol). The essential question is why nat-
ural lipid rafts prefer SM rather than saturated diacyl glycerophosphocholine, although both form ordered membranes with Chol
in model systems. Hence in this study, we synthesized site-specifically deuterated 1-palmitoyl-2-stearoyl-sn-glycero-3-phospho-
cholines that match the acyl chain length of stearoyl-SM (SSM), and compared their deuterium quadrupole coupling profiles in
detail. The results suggest a deeper distribution of Chol in the SSM membranes, a lower entropic penalty upon accommodation
of Chol in SSM membranes, and a higher thermal stability of acyl-chain orders in the SSM-Chol bilayers than in the 1-palmitoyl-
2-stearoyl-sn-glycero-3-phosphocholine-Chol system at various Chol concentrations. The entropy effect and thermal stability
should render SM a more preferred raft constituent than saturated diacyl glycerophosphocholine. Our data also demonstrate
that the selective and comprehensive deuteration strategy is indispensable for accurate comparison of order profiles.INTRODUCTIONSince the lipid raft hypothesis was proposed in the late 1990s
(1), lipid rafts have attracted much attention frommultidisci-
plinary researchers because of their significant functional
roles in cellular processes including signal transduction, pro-
tein sorting, and microbial infection (2–6). The recent defini-
tion states that membrane rafts are small (10–200 nm),
heterogeneous, highly dynamic membrane domains rich in
cholesterol (Chol) and sphingolipids such as sphingomyelin
(SM) (7). The physical properties of raft domains appear to
be markedly similar to those of a liquid-ordered (Lo) phase,
which is characterized by tight packing but relatively high
lateral mobility of lipids. In contrast, unsaturated phosphati-
dylcholines (PCs) are loosely packed, developing a liquid-
disordered (La) phase that is often segregated from the Lo
domain. Although sphingolipids, such as SM and Chol are
believed to be essential for the formation of lipid rafts (8–
10), the Lo phase was also ascertained to be formed in model
membranes containing saturated PCs, such as 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine, in the presence of Chol
(11). This raises an obvious question ofwhy natural lipid rafts
prefer SM rather than saturated PC, although both lipids form
ordered phases in the presence of Chol. To find an answer to
this question, it is essential to examine the difference between
SM and PC membranes, particularly in terms of Chol’s
ordering effect on each membrane.
To date, numerous molecular dynamic simulations and
NMR studies of SM and PC membrane systems have been
conducted to understand the nature of lipid rafts; however,
systematic comparisons between SM and PC membranes
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that SM acyl chains are more ordered than PC acyl chains
(12,13). This difference in the acyl chain order can allow
Chol to preferentially interact with SM over PC because
Chol is known to prefer ordered phospholipids (14,15).
Alternatively, some studies suggested that SM-Chol mem-
branes are more stabilized than PC-Chol bilayers as a result
of direct intermolecular hydrogen bonding or charge paring
between SM and Chol (16–22). In contrast, a recent simula-
tion study and NMR experiments revealed a general simi-
larity and no preference for interaction of Chol with SM
over PC (23,24). These inconsistent conclusions are largely
attributable to the lack of detailed and systematic experi-
mental data comparing SM and PC membranes.
We recently demonstrated accurate local motions encom-
passing an entire 18:0 SM (stearoyl-SM, SSM, Fig. 1 a)
molecule (25), which were captured by measuring quadru-
pole splittings for site-specifically deuterated SSMs. The
quadrupole splitting profiles of SM revealed that Chol en-
hances the order more effectively in the middle regions of
alkyl chains than in the shallow regions. However, the acyl
chain orders of SSM were not adequately compared with
those of saturated PC. Therefore, to elucidate the motional
difference between SM and saturated PC membranes,
we synthesized site-specifically deuterated 1-palmitoyl-2-
stearoyl-sn-glycero-3-phosphocholines (PSPCs, Fig. 1 a)
that share the same acyl chain length as the SSM that we
recently reported (25) and compared their order profiles.MATERIALS AND METHODS
Chemicals
PSPC was purchased from Avanti Polar Lipids (Alabaster, AL). Chol was
purchased from Nacalai Tesque (Kyoto, Japan) and deuterium-depleted
water was obtained from Isotec (Sigma Aldrich, St. Louis, MO).http://dx.doi.org/10.1016/j.bpj.2013.12.034
FIGURE 1 Site-specifically deuterated PSPCs. (a) Structures of
site-specifically deuterated PSPC and SSM. Each numbered position was
deuterium labeled. C-180 was trideuterated and the other positions were
dideuterated. (b) Synthesis of PSPCs deuterated at sn-2 chain. A total of
10 types of deuterium-labeled PSPCs (20-d2-, 30-d2-, 40-d2-, 60-d2-, 80-d2-,
100-d2-, 120-d2-, 140-d2-, 160-d2-, and 180-d3-PSPCs) were synthesized to
capture the motion of PSPC in bilayers. MNBA: 2-methyl-6-nitrobenzoic
anhydride, DMAP: N,N-dimethyl-4-aminopyridine. To see this figure in
color, go online.
632 Yasuda et al.Site-specifically deuterated SSMs were synthesized as previously reported
(25). Complete experimental details and characterization for site-specif-
ically deuterated PSPC are included in the Supporting Material.Sample preparation for 2H NMR
For preparation of PSPC membranes, purchased PSPC and deuterated
PSPC (10.5 mmol, respectively) were dissolved in methanol-chloroform.
For PSPC-Chol samples, Chol (21.0 mmol) was added to the solvent. The
solvent was removed in vacuo for at least 12 h. The dried membrane film
was hydrated with ~1 mL of water and vigorously vortexed at 65C
to make multilamellar vesicles. After being freeze-thawed three times,
each suspension was lyophilized, rehydrated with deuterium-depleted water
to be 50% moisture (w/w), and freeze-thawed several times. Each sample
was then transferred to a 5-mm glass tube (Wilmad, Vineland, NJ), which
was sealed with epoxy glue.2H NMR measurements
2H NMR spectra were recorded on a 300-MHz CMX300 spectrometer
(Chemagnetics, Agilent, Palo Alto, CA) fitted with a 5-mm 2H static probe
(Otsuka Electronics, Osaka, Japan) using a quadrupolar echo sequence. The
90 pulse width was 2 ms, the interpulse delay was 30 ms, and the repetition
rate was 0.5 s. The sweep width was 200 kHz and the number of scans was
~100,000. 2H NMR spectra and tables of quadrupole splitting values are
included in the Supporting Material.Biophysical Journal 106(3) 631–638DSC measurements
DSC samples were prepared by a conventional method. Briefly, appropriate
amounts of lipid/Chol mixtures dissolved in methanol-chloroform (1:4 v/v)
were dried under a flow of nitrogen gas and then in vacuo for >24 h to
completely remove the organic solvents. The resulting lipid/Chol mixed
films were dispersed in distilled and deionized water and hydrated for 15–
20 min at 65C, which is a higher temperature than the main transition tem-
perature, with intermittent vortexing. Final concentrations of SSMandPSPC
were 5.47 and 5.14 mM, respectively. An aliquot of 330 mL of the lipid/Chol
suspension was then placed into the nano-differential scanning calorimeter
(Diamond, PerkinElmer,Waltham,MA) immediately beforemeasurements.
A scanning rate of 0.2C/min was used for all DSC measurements.RESULTS AND DISCUSSION
Synthesis of site-specifically deuterated PSPCs
and their 2H quadrupole splitting
A total of 10 types of deuterated PSPCs (20-d2-, 30-d2-,
40-d2-, 60-d2-, 80-d2-, 100-d2-, 120-d2-, 140-d2-, 160-d2-, and
180-d3-PSPCs) were synthesized by coupling a series of
deuterated stearic acids with 16:0-lyso PC (Fig. 1 b). The
deuterated stearic acids were synthesized as previously re-
ported (25). Synthetic details for site-specifically deuterated
PSPC are given in the Supporting Material.
Next,wemeasured the 2HNMRspectra of bilayers formed
from these deuterated PSPCs and determined the quadrupole
splitting values (Dn) in the presence and absence of 50mol%
Chol (Fig. 2 and Fig. S1 in the SupportingMaterial). Because
the phase transition temperature of a pure PSPC membrane
is 48.8C (26), measurements of pure PSPC bilayers were
performed at 50C and 55C (Fig. 2 a), whereas quadrupole
splittings were observable even at 20C in the presence of
50 mol % Chol (Fig. 2 b). Interestingly, the 2H NMR profiles
of the PSPC acyl chain (Fig. 2), particularly in terms of the
effect of Chol, have the same tendency as that of dimyris-
toylphosphocholine (DMPC) obtained from selectively
deuterated DMPC (27), suggesting a general similarity of
the order profile of PC membranes irrespective of acyl chain
length. On the other hand, it should be noted that this 2H
NMR profile of the PC acyl chain (Fig. 2) is different from
previously reported order profiles of PCmembranes obtained
from PCs that bear perdeuterated acyl chains (22,24,28–40).
In those studies the overlapped signals from the perdeuter-
ated acyl chains were assigned assuming that the quadrupole
splitting decreases monotonically from the lipid-water inter-
face toward the terminus even in the presence of Chol, as pre-
sented in Fig. S2. Similar differences between order profiles
were also found in SMmembranes (13,41,42), as discussed in
our previous report (25). This clearly shows that the compre-
hensive and selective deuteration strategy is necessary for
acquiring accurate order profiles.Comparison with SM membranes
Next, we compared the order profiles of PSPC with those of
SSM at 50C (Fig. 3). In the absence of Chol, the order of
FIGURE 2 Quadrupole splitting profiles of sn-2
chain of PSPC at various temperatures. The data
were obtained from PSPC membranes in the
absence (a) and presence (b) of 50 mol % Chol.
Both membrane samples were hydrated with 50%
deuterium-depleted water (w/w). To see this figure
in color, go online.
Chain-Order of SM and PC 633SSM was higher than that of PSPC at each position in the
chain (Fig. 3 c), with the difference in the C20–C40 region be-
ing particularly prominent. Because SM has an amide and a
hydroxy group that function as both hydrogen bond donors
and acceptors, it is generally accepted that these functional
groups are involved in intermolecular hydrogen bonding. In
fact, we determined the conformation of SM in a membrane
environment using bicelles, and found that its conformationFIGURE 3 Comparison of quadrupole splitting profiles between PSPC and SS
membranes in the presence (circles) and absence (triangles) of 50 mol % Chol.
branes in the absence (c) and presence (d) of 50 mol % Chol. To see this figureis relatively stable and suitable for forming intermolecular
hydrogen bonds between the amide groups (43). Therefore,
the considerably higher order in the upper acyl chain of SM
than in the PC chain (Fig. 3 c) may be attributed to the inter-
molecular hydrogen bonding that restricts the fluctuation
and/or changes the orientation of the upper acyl chain of SM.
In contrast to the results obtained with Chol-free PSPC
and SSM membranes, the order profiles of SSM-Chol andMmembranes at 50C. The data were acquired from PSPC (a) and SSM (b)
Overlaid quadrupole splitting profiles of PSPC (red) and SSM (blue) mem-
in color, go online.
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634 Yasuda et al.PSPC-Chol membranes appeared to coincide well with each
other (Fig. 3 d). In fact, previous studies have also pointed
out the similarity between SM-Chol and PC-Chol mem-
branes in terms of dynamics and Chol interaction when
the acyl chain length is matched (23,24). Nevertheless,
our experiments revealed small but significant differences
(Fig. 3 d); the order is highest at positions C60–C80 in
PSPC-Chol membranes, whereas it is highest at positions
C80–C100 in SSM-Chol bilayers, and SSM-Chol bilayers
tend to have a slightly higher order in the C100–C140 region
than PSPC-Chol membranes. To highlight the ordering
effect of Chol more clearly, we focused on the difference
in quadrupole splitting values between Chol-containing
and Chol-free membranes (Fig. 4). This comparison further
indicated that the ordering effect of Chol in the upper region
of acyl chains (e.g., C30, C40, and C60) is considerably higher
in PSPC, whereas in the lower region of the acyl chain (e.g.,
C140–C180), the ordering effect is higher in SSM. Because
the rigid alicyclic skeleton of Chol effectively enhances
the acyl chain order (44,45), Fig. 4 suggests that the distri-
bution of Chol in PSPC membranes is slightly weighted
in the upper region of the acyl chain as compared with the
distribution of Chol in SSM membranes. We also calculated
the average projected length on the bilayer normal for each
segment of the acyl chain (41) to compare the average car-
bon positions in the membranes (Fig. S3). Accordingly, we
found that the cumulative projected chain lengths and the
average carbon positions relative to the membrane were
completely identical between PSPC-Chol and SSM-Chol bi-
layers; thus, rationalizing the simple comparison of the ver-
tical position of Chol between PSPC and SSM membranes.
Taken together, our data reveal a slightly deeper location of
Chol in SSM membranes than in PSPC bilayers. In our pre-
vious work (25), we proposed that Chol is more deeply
located in SSM membranes than in DMPC membranes,
probably because hydrogen bond formation of the polar
region of the SM membrane slightly pushes Chol into the
membrane interior. Given that Chol is situated beneath the
headgroups in PC membranes, thus leading to an umbrellaFIGURE 4 Ordering effect of Chol on PSPC and SSM membranes.
Figure presents difference in quadrupole splitting values (DDn) between
Chol-containing and Chol-free PSPC (red squares) and SSM (blue circles)
membranes at 50C. To see this figure in color, go online.
Biophysical Journal 106(3) 631–638effect (46), the deeper immersion of Chol in SM bilayers
than PC bilayers is consistent with the higher umbrella
effect of SM membranes. However, there was a significant
concern regarding generalizing this notion because of differ-
ences in the acyl chain length between SSM and DMPC.
The current study shows that this notion holds true for
acyl chain-matched SM and saturated PC.
Next, we calculated the area per lipid at 50C (Table 1)
from the order parameters via application of the first-order
mean-torque model (31,41) that assumes that the hydrocar-
bon chains have an average shape of a prism (cylinder or
cuboid) in lipid bilayers. The estimated area per SSM is
in relatively good agreement with simulated values both in
pure and Chol-containing SM membranes (47,48), which
validates the model calculation. Comparison of the data
(Table 1) reveals that the molecular area of pure SSM
(56.6 A˚2) is significantly smaller than that of pure PSPC
(60.8 A˚2). This can be also explained by the intermolecular
hydrogen bonds between SSM molecules, which compress
the mean molecular area of pure SSM more effectively. In
contrast, the molecular area was almost identical between
SSM-Chol and PSPC-Chol systems (47.6 and 48.0 A˚2),
because the highest orders of the acyl chains were compara-
ble. This means that the decrease in molecular area upon
accommodation of Chol is smaller in SSM (9.0 A˚2) than
in PSPC membrane (12.8 A˚2). In other words, the SSM sys-
tem can accommodate Chol with a smaller loss of entropy
than PSPC membranes, which may partly cause Chol to
be more preferentially distributed in SM membranes than
PC membranes.Temperature dependence
Next, we compared the temperature dependence of the
quadrupole coupling values of SSM and PSPC at four
different depths: C40, C80, C120, and C160 (Fig. 5). The
temperature dependence of SSM-Chol and PSPC-Chol
membranes can be approximated by linear functions, as
presented in Fig. 5. In the absence of Chol, the difference
in temperature dependence was not clear between SSM
and PSPC because of inadequate experimental data points.
On the other hand, in the presence of Chol the slopes of
the approximation lines were steeper in PSPC membranes
at any position, demonstrating a larger temperature depen-
dence of PSPC-Chol membranes than SSM-Chol mem-
branes. Notably, the slopes of the approximation lines for
PSPC-Chol membranes were markedly steeper at C40,
C120, and C160 (Fig. 5, a, c, and d), than at C80 (Fig. 5 b),TABLE 1 Area per lipid of PSPC and SSM in membranes
PSPC PSPC-Chol (1:1) SSM SSM-Chol (1:1)
Area-per-lipid (A˚2) 60.8 48.0 56.6 47.6
Calculated via application of the first-order mean-torque model (31,41)
from the plateau splittings of the respective membranes at 50C.
FIGURE 5 Temperature dependence of quadrupole splittings. The quadrupole coupling data were obtained from the C40 (a), C80 (b), C120 (c), and C160 (d)
positions of PSPC (red) and SSM (blue) in the presence and absence of 50 mol % Chol. The temperature dependence of Chol-containing membranes can be
linearly approximated, as presented in red and blue lines with approximate equations. To see this figure in color, go online.
Chain-Order of SM and PC 635indicating that the upper and bottom regions of PSPC
acyl chains are more temperature sensitive than the middle
regions. The lower temperature sensitivity at C80 of PSPC-
Chol membranes is reasonably accounted for by the pres-
ence of rigid Chol rings in that area. In contrast, although
the approximation lines in SSM-Chol membranes were
generally low-gradient, the slope of the C40 line (Fig. 5 a)
was the flattest among them. This can again be interpreted
using the notion that hydrogen bonds between SM amides
confer higher temperature stability to the upper acyl chain
of SSM-Chol membranes.
For further clarification of the differences, we compared
the quadrupole coupling values at various molar ratios of
Chol. Fig. 6 presents temperature dependence of the quadru-
pole coupling values for C100 of SSM and PSPC at 20, 33,
and 50 mol % of Chol. Again, SSM membranes exhibited
lesser temperature dependence than PSPC membranes at
any concentration of Chol, and more importantly, the dif-
ference between SSM and PSPC became more prominent
with decreasing molar ratios of Chol (Fig. 6, b and c). These
findings showed that SSM-Chol membranes are more
tolerant to temperature change, which is more apparent at
lower concentrations of Chol.To correlate the temperature dependence of 2H NMR
data with the thermotropic phase behavior of the bilayers,
we then measured DSC heating curves of SSM and PSPC
bilayers at several molar ratios of Chol. The DSC heating
curves (Fig. 7) show that the chain-melting transition
progressively decreases in enthalpy and increases in transi-
tion width with increases in Chol content, as commonly
observed for other SM and PC membranes (49,50),
and the transition is abolished completely at 30 mol % of
Chol for both PSPC and SSM membranes. According to
phase diagrams of binary lipid mixtures with Chol (51),
Fig. 7 indicates that both PSPC and SSM membranes con-
taining >30 mol % Chol are in a single Lo phase region,
whereas both membranes containing 20 mol % Chol
exhibit more complex phase behavior; Lo and gel phases
coexist below the sharp component of the chain-melting
temperature, and La and Lo phases coexist above it. This
shows that the phase behaviors are not different between
SSM-Chol and PSPC-Chol membranes at the Chol concen-
trations tested, thus ensuring the direct comparison of the
temperature dependence of the order profiles between
SSM and PSPC at each Chol concentration (Fig. 6). Taken
together, Figs. 6 and 7 reveal that the chain orders in theBiophysical Journal 106(3) 631–638
FIGURE 6 Temperature dependence of quadrupole splittings at various
Chol concentrations. The quadrupole coupling data were obtained from
C100 of PSPC (red) and SSM (blue) acyl chains in the presence of Chol
at (a) 50 mol %, (b) 33 mol %, and (c) 20 mol %. The temperature depen-
dence of SSM-Chol and PSPC-Chol membranes can be linearly approxi-
mated, as presented in red and blue lines with approximation equations.
To see this figure in color, go online.
FIGURE 7 DSC heating curves. PSPC (a) and SSM (b) bilayers contain-
ing 0, 10, 20, and 30 mol % Chol.
636 Yasuda et al.SSM-Chol system are more thermally tolerant than those in
the PSPC-Chol system, not only in the single Lo phase re-
gion (33 and 50 mol % Chol, Fig. 6, a and b), but also in
more complex phase states (20 mol % Chol, Fig. 6 c).
From the viewpoint of maintenance of membrane homeo-
stasis, the higher thermal stability of SM-Chol membranes
at various Chol concentrations is undoubtedly a favorable
property for lipid rafts.Biophysical Journal 106(3) 631–638The next question that needs to be addressed is why the
SM-Chol system is more tolerant to temperature change,
even at low Chol concentrations. As described previously,
SM can form intermolecular hydrogen bonds among SM
molecules through their amide groups. In addition, Chol
effectively enhances orders in the middle regions of SM
acyl chains, as presented in Fig. 3 b. Altogether, it is reason-
able to suggest that Chol’s ordering effect on the acyl chains
and the intermolecular hydrogen bond among SMmolecules
function synergistically to form a more stable ordered phase
in the SM-Chol membrane, which leads to robustness against
fluctuations in temperature and Chol’s concentration.CONCLUSIONS
It has been difficult to experimentally or theoretically
highlight the differences between SM-Chol and PC-Chol
systems (23,24); therefore, PC-Chol membranes are often
considered equivalent to SM-Chol bilayers in terms of or-
dered phase formation. In this study, we compared the order
profiles of SM and saturated PC using site-specifically
deuterated lipids and obtained the following important find-
ings: i), in the absence of Chol, SSM membranes have a
higher order than PSPC membranes, in particular for the
upper chain region; ii), the difference in ordering effect of
Chol suggests a deeper location of Chol in SM membranes;
and iii), in terms of acyl-chain order, thermal stability of
SSM-Chol membranes is higher than that of PSPC-Chol
Chain-Order of SM and PC 637membranes, which is more obvious at low Chol concentra-
tions. These findings can be explained by the formation
of intermolecular hydrogen bonds between SM molecules.
The hydrogen bonds provide a higher order in the upper
chain, push Chol into the membrane interior, and assist
the formation of a stable ordered membrane at lower con-
centrations of Chol and over a broader range of temperature.
The better thermal tolerance at various Chol ratios, which
would arise from the intermolecular hydrogen bonds, should
make SM a preferred raft component over saturated PC.
In addition, the area per lipid of SSM and PSPC calculated
from our order profiles suggested that SSM bilayers can
accommodate Chol with a smaller entropic penalty than
PSPC, which may be associated with the preferential distri-
bution of Chol toward SM membranes. Thus, this study
highlights the small but crucial differences between SM
and PC membranes that provide critical clues regarding
preference of natural lipid rafts of SM-Chol over PC-Chol
systems.
Here, we briefly describe the generality of the current
data toward more complicated membrane systems. We very
recently observed 2H NMR of deuterated SSM in a ternary
membrane system containing SSM, Chol, and unsaturated
PC, which is segregated into the Lo and La phases (52), and
successfully acquired separate quadrupole coupling pro-
files from each phase, although separated observation of
quadrupole splittings from the Lo and La phases was already
reported using perdeuterated PCs (53). To our surprise, the
deuteriumquadrupole profile from theLo phase of the ternary
system was almost identical to that in the SM-Chol binary
mixture (to be published in due course). This suggests that
the order profile from the binary system is essentially appli-
cable to more complicated membrane systems. Detailed
comparison of deuterium order profiles in ternary membrane
systems containing SSM or PSPC is currently underway.
Although the selective and comprehensive deuteration of
acyl chains is not a new strategy but was already applied to
DMPC (27), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(54), and other lipids (55,56) in the 1970s, it has been seldom
used since then because of the requirement of laborious
organic synthesis. On the other hand, perdeuterated lipids
are much more frequently used, which have the advantage
of allowing a greater range of systems to be studied simulta-
neously. However, the order profiles obtained in the case of
perdeuterated acyl chains are not always sufficient for in-
depth analysis of membrane properties due to the ambiguity
of assigning overlapped signals. In this context, the selective
and comprehensive deuteration strategy of lipid acyl chains
is, albeit classical and laborious, indispensable for detailed
and accurate comparison of order profiles.SUPPORTING MATERIAL
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